Context. Millimetric observations have measured high degrees of molecular deuteration in several species seen around low-mass protostars. The Herschel Space Telescope, launched in 2009, is now providing new measures of the deuterium fractionation of water, the main constituent of interstellar ices. Aims. We aim at theoretically studying the formation and the deuteration of water, which is believed to be formed on interstellar grain surfaces in molecular clouds. Methods. We used our gas-grain astrochemical model GRAINOBLE, which considers the multilayer formation of interstellar ices. We varied several input parameters to study their impact on water deuteration. We included the treatment of ortho-and para-states of key species, including H 2 , which affects the deuterium fractionation of all molecules. The model also includes relevant laboratory and theoretical works on the water formation and deuteration on grain surfaces. In particular, we computed the transmission probabilities of surface reactions using the Eckart model, and we considered ice photodissociation following molecular dynamics simulations. Results. The use of a multilayer approach allowed us to study the influence of various parameters on the abundance and the deuteration of water. Deuteration of water is found to be very sensitive to the ortho-to-para ratio of H 2 and to the total density, but it also depends on the gas/grain temperatures and the visual extinction of the cloud. Since the deuteration is very sensitive to the physical conditions, the comparison with sub-millimetric observation towards the low-mass protostar IRAS 16293 allows us to suggest that water ice is formed together with CO 2 in molecular clouds with limited density, whilst formaldehyde and methanol are mainly formed in a later phase, where the condensation becomes denser and colder.
Introduction
Understanding the formation of water is crucial, not only because of its primordial importance for life on Earth, but also because it is thought to be one of the most abundant oxygen-bearing species and also one of the main gas coolants (Ceccarelli et al. 1996; Kaufman & Neufeld 1996; van Dishoeck et al. 2011 ). Interstellar water is believed to be formed mainly via three main mechanisms: 1) cold gasphase chemistry, starting from the ionization of H 2 by cosmic rays, eventually leading to H 3 O + via ion-neutral reactions that then recombine with electrons to form H 2 O (Bates 1986; Hollenbach et al. 2009 ); 2) on the surface of interstellar dust particles, via the hydrogenation of accreted atomic and molecular oxygen occurring at cold temperatures (Tielens & Hagen 1982; Cuppen & Herbst 2007; Miyauchi et al. 2008 ); 3) warm gas chemistry, initiated by a few endothermic reactions involving H 2 in warm gas (T > 250 K) (Ceccarelli et al. 1996; Kaufman & Neufeld 1996) .
The advent of space telescopes, combined with groundbased observatories, has allowed astronomers to observe vapours and ices of water in several phases of star formation. Water vapour is present in cold molecular clouds and prestellar cores but only with low abundances (X gas (H 2 O) ∼ 10 −8 − 10 −9 relative to H nuclei, see Bergin & Snell 2002; Klotz et al. 2008;  Send offprint requests to: V. Taquet: vianney.taquet@obs.ujfgrenoble.fr Caselli et al. 2010) . In cold clouds, water is likely condensed in ices (X ice (H 2 O) ∼ 5 × 10 −5 − 10 −4 , Whittet & Duley 1991; Pontoppidan et al. 2004) . Hot corinos and outflows of low-mass Class 0 protostars show higher abundances of gas phase water, with abundances of a few 10 −6 in hot corinos (Ceccarelli et al. 2000; Coutens et al. 2012; Kristensen et al. 2012) , whilst protostar outflows show higher abundances up to a few 10 −5 (Liseau et al. 1996; Lefloch et al. 2010; Kristensen et al. 2010 Kristensen et al. , 2012 . Water ice has also been observed towards cold protostellar envelopes with similar abundances to molecular clouds (∼ 10 −4 , Pontoppidan et al. 2004; Boogert et al. 2008) . Recent infrared observations have also shown the presence of water in protoplanetary disks in different states: water ice (Terada et al. 2007 ) and hot and cold water vapour (Carr & Najita 2008; Hogerheijde et al. 2011 , with abundances of 10 −4 and lower than 10 −7 , respectively). Analysis of debris disks show that dust particles are covered by ice mixtures (e.g. Li & Greenberg 1998; Lebreton et al. 2012) .
To summarise, it is now accepted that water is present during all phases of the star formation process. However, its evolution from molecular cloud to planetary system still remains unclear. The deuterium fractionation can help us constrain its formation and its evolution. First, it can probe the formation pathways of water observed in the early stages because of its sensitivity to the physical conditions. Second, it allows us to investigate its reprocessing in protoplanetary disks, and eventually to determine whether water on Earth has an interstellar origin. Comparing the HDO/H 2 O ratio in comets and Earth is, for example, important for evaluating the possible contribution of comets for transferring water in Earth's oceans (Owen & Bar-Nun 1995) . Recent Herschel observations have reported a D/H ratio of water (0.014 %) in the Jupiter family comet 103P/Hartley2 originating in the Kuiper Belt, very similar to the value for the Earth's oceans, supporting the hypothesis that a part of water comes from comets (Hartogh et al. 2011) .
The HDO/H 2 O ratio has recently been evaluated in the gas phase of low-mass Class 0 protostar envelopes with values varying from less than 10 −4 in NGC1333-IRAS4B (Jørgensen & van Dishoeck 2010) to more than 10 −2 in NGC1333-IRAS2A (Liu et al. 2011) . The low-mass Class 0 protostar IRAS 16293-2422 seems to have the most reliable value since the main isotopologue (via H 18 2 O) and its simply and doubly deuterated isotopologues have been observed several times via ground-based and space telescopes (Ceccarelli et al. 2000; Parise et al. 2005; Butner et al. 2007; Vastel et al. 2010; Coutens et al. 2012) . The most recent work by Coutens et al. (2012) reports an HDO/H 2 O ratio of ∼ 3 % in the hot corino, ∼ 0.5 % in the cold envelope, and ∼ 5 % in the photodesorption layer of the foreground cloud. Observations of D 2 O by Butner et al. (2007) and Vastel et al. (2010) give a D 2 O/H 2 O ratio of ∼ 10 −3 . Using the 4.1 µm OD stretch band, solid HDO has been observed towards a sample of low-and high-mass stars by (Dartois et al. 2003) and Parise et al. (2003) . These observations provide an upper limit for the solid abundance ratio between 0.2 and 2 %. Although these values are much higher than the cosmic elemental abundance of deuterium (1.5×10
−5 Linsky 2003), water seems to be less deuterated than the other molecules also mainly formed on grain surfaces, such as formaldehyde and methanol. Figure 1 graphically shows that water possesses a lower level of deuteration, with a mean HDO/H 2 O ratio of ∼ 3 %, whereas other molecules have a fractionation of their singly deuterated isotopologue higher than 10 %.
H 2 O, but also H 2 S, H 2 CO and CH 3 OH (and HCOOCH 3 ) are thought to be mainly formed on grain surfaces via the hydrogenation of accreted O (or O 2 ), S, and CO from the gas phase. Cold gas-phase chemistry produces water vapour with low abundances (a few 10 −7 ; Bergin et al. 2000) , whilst endothermic reactions producing warm water are efficient at T > 250 K. In contrast, water ice desorbs into the gas phase in the envelope of Class 0 protostars in large quantities at T ∼ 100 K. Therefore, the deuteration of water measured by millimetric observations likely reflects the deuteration of its icy precursor governed by the accretion of gas phase H and D atoms. Indeed, the timescale needed to significantly alter the deuteration after evaporation in warm gas is longer than the typical age of Class 0 protostars (∼ 10 5 versus ∼ 10 4 yr, Charnley et al. 1997; Andre et al. 2000) . Roberts et al. (2003) showed that the gas phase atomic D/H ratio increases with the CO depletion. Molecules that are formed in the earlier stages of star formation, when the CO depletion is low, would, therefore, show lower deuteration. Based on our astrochemical model GRAINOBLE (Taquet et al. 2012a , hereafter TCK12a), we theoretically confirmed this hypothesis by successfully reproducing the observed formaldehyde and methanol deuterations (Taquet et al. 2012b, hereafter TCK12b) . The difference in deuteration between these two molecules is explained by the earlier formation of formaldehyde compared to methanol, when the D/H is lower. We also demonstrated the necessity to introduce the abstraction reactions experimentally shown by Nagaoka et al. (2007) and Hidaka et al. (2009) . Similarly, Cazaux et al. (2011) showed the possibility that water is formed through reactions involving H 2 . According to these authors, instead of reflecting the atomic D/H ratio, water deuter- ation should scale with the gas phase HD/H 2 ratio (∼ 10 −5 ) at low temperatures.
The linear relationship between the observed column density of water ice and the visual extinction, above the threshold of A V ∼ 3.2 mag found by Whittet et al. (1988) , suggests that water ice starts to form significantly at low visual extinctions. Other solid compounds are believed to form along with water ice. The linear relationship between carbon dioxide and water column densities, with a column density ratio N(CO 2 )/N(H 2 O) of 18 %, suggests that these two molecules form in parallel (Whittet et al. 2007 ). This conclusion is supported by comparisons between observed and laboratory band profiles showing that CO 2 is mainly located in a polar water-rich mixture whilst a non-polar component (pure CO 2 , or CO:CO 2 ) exist in very low quantities (Gerakines et al. 1999; Pontoppidan et al. 2008) . Other solid organic compounds, such as CO or CH 3 OH, have also been observed in large quantities (∼ 30 % for CO, and up to 20% for methanol) but at higher visual extinctions, above A V thresholds of 8-9 and 15 mag respectively (Whittet et al. 2007 (Whittet et al. , 2011 . Consequently, one needs to include the formation of all other solid molecules in order to correctly study the formation of deuterated water ice.
In this article, we extend our study to the formation and the deuteration of the interstellar water ice formed in molecular clouds and in prestellar cores, using the multilayer GRAINOBLE model. Our goal is to explore the influence of the physical conditions (representative of different typical cloud stages) on ice formation and water deuteration. This is the first time that such a systematic study has been done. Besides that, it includes the crucial influence of the H 2 ortho/para ratio on the water deuteration. The astrochemical model is presented in Sect. 2. In Sect. 3, we study the formation of typical grain mantles and show the influence of several physical and chemical parameters on the deuteration of water ice. In each section, we summarise the main ideas with headings and concluding remarks. In Sect. 4, we compare our with previous model predictions and in Sect. 5 with published observations of water, formaldehyde, and methanol.
Modelling

Overview of the GRAINOBLE model
GRAINOBLE is a gas-grain astrochemical model based on the rate equations approach introduced by Hasegawa et al. (1992) . A detailed presentation of GRAINOBLE can be found in TCK12a. Briefly, GRAINOBLE couples gas-phase and grainsurface chemistry. In total, our chemical network consists of 341 (gaseous and solid) species and 3860 (gas phase and grain surface) reactions. The gas phase chemistry is described in detail in section 2.2. The grain surface chemistry processes are the following: i) The accretion of gas phase species onto the grain surfaces, assumed to be spherical.
ii) The diffusion of adsorbed species via thermal hopping.
iii) The reaction between two particles via the LangmuirHinshelwood mechanism, once they meet in the same site. The reaction rate is the product of the number of times that the two reactants meet each other and the transmission probability P r of reaction.
iv) The desorption of adsorbed species into the gas phase via several processes: -thermal desorption; -cosmic-ray induced heating of grains; -chemical desorption caused by the energy release of exothermic reactions. This last process is an upgrade with respect to TCK12a. Following Garrod et al. (2007) , we assume a value of 0.012 for the factor a (the ratio of the surface-molecule bond frequency to the frequency at which energy is lost to the grain surface) since it seems to be the most consistent value given by molecular dynamics simulations (Kroes & Andersson 2005) . In addition, in the present work, we take the effect of the UV photolysis on the ices into account (see section 2.5), because this is important for the formation of H 2 O at low visual extinctions. As suggested by laboratory experiments, cold mantle bulks are mostly inert (see Watanabe et al. 2004; Fuchs et al. 2009; Ioppolo et al. 2010) . Therefore, we follow the formation of grain mantles with a multilayer approach in which the outermost only layer is reactive, whilst the mantle bulk remains inert (see TCK12a for more details).
Gas-phase chemical network
We consider the gas-phase chemical network from the KIDA database (Wakelam et al. 2012) for seven elements: H, He, C, N, O, S, and Fe, giving a total of 258 gaseous species. Sulphur and iron are introduced to consistently study ion chemistry. Reactions involving atomic Fe and S play a significant role in the destruction of H + and H + 3 whilst S + , and to a lesser extent Fe + , is believed to be one of the most abundant ions before the CO depletion (see Flower et al. 2005) . Relative to the KIDA network, we modify the rate coefficient of the cosmic-ray dissociation of H 2 yielding H+H. Following Dalgarno et al. (1999) , we assume γ = 0.5, where the rate k diss (in s −1 ) of cosmic ray dissociation reactions is given by k diss = γζ (ζ is the cosmicray ionization rate). Before ice formation, bare grains are considered. The recombination efficiency of atomic hydrogen and deuterium are assumed to be unity, following the theoretical works by Cazaux & Tielens (2004) and Cuppen et al. (2010b) , who considered chemisorption interactions. The initial elemental abundances in the gas phase considered in this work are listed in Table 1 and follows the work by Wakelam et al. (2010) and Linsky (2003) . To model the water formation at low visual extinctions (see Introduction), we consider the depth-dependent self-shielding of H 2 , HD, and CO, using the Meudon PDR code (Le Petit et al. 2002 Petit et al. , 2006 .
Since standard gas-phase models overpredict the O 2 abundance with respect to what is observed (see Goldsmith et al. 2011; Liseau et al. 2012) we also ran a grid of models by artificially decreasing the formation rate of O 2 by a factor of 10. We checked that the [O 2 ]/[O] abundance ratio remains indeed ten times lower than the "standard" case throughout the whole calculation.
Deuteration of water and other molecules formed on interstellar grains strongly depend on the gas phase abundances of H, D, H 2 , HD, and D 2 . In turn, the abundance of these gaseous species, and more particularly D, depends mainly on the deuteration of H + 3 which is function of the degree of CO and N 2 freeze-outs onto the grain surfaces (see Roberts & Millar 2000; Roberts et al. 2003) . The deuterium gas phase chemical network is based on that of TCK12b. The major differences with respect to TCK12b are the inclusion of the ortho-to-para (hereinafter opr) H 2 ratio and reactions involving N 2 .
Reactions between H + 3 isotopologues and H 2 , reducing the deuterium fractionation, are endothermic. Therefore, these reactions cannot occur in cold-cloud conditions if para-H 2 only is considered. However, H 2 is also believed to exist in the ortho spin state, higher in energy (170 K), since H 2 probably forms on grains with an ortho-to-para ratio (opr) of 3. Reactions between ortho-H 2 and ortho-H 2 D + (ortho-HD + 2 , ortho-D + 3 ) can reduce the degree of deuteration of H + 3 significantly at low temperatures. Flower et al. (2006) have shown that the fractionation of H + 3 , hence, the abundance of atomic D are strongly reduced when the H 2 opr is higher than 10 −4 . Consequently, we enlarge the chemical network, relative to TCK12b, by considering the H + 3 -H 2 system whose new reaction rate coefficients have been computed by Hugo et al. (2009) . Ion-neutral reactions between H + 3 isotopologues (including their different spin states) and CO or N 2 , electronic recombinations, and recombinations on electronegative charged grains have also been included following Roberts & Millar (2000) ; Roberts et al. (2003 Roberts et al. ( , 2004 ; Walmsley et al. (2004) and Pagani et al. (2009) .
The actual opr of H 2 in molecular clouds is still highly uncertain. The initial value of H 2 opr formed on grain surfaces is most likely 3, as recently confirmed by the experiment by Watanabe et al. (2010) conducted on amorphous solid water. Proton-exchange reactions in the gas phase would then convert ortho-H 2 to para-H 2 , decreasing the opr of H 2 towards the Boltzmann value (∼ 3 × 10 −7 at 10 K, see Flower et al. 2006) . Recent experimental studies have also demonstrated that H 2 undergoes a nuclear spin conversion from the ortho to the para spin state on amorphous solid water (ASW) (Sugimoto & Fukutani 2011; Chehrouri et al. 2011; Hama et al. 2012 ). The influence of the H 2 opr on absorption lines of formaldehyde has been observed by Troscompt et al. (2009) (Pagani et al. 2009; Dislaire et al. 2012) . Given the relative uncertainty in this value and its importance in the molecular deuteration process, in this work we assume the H 2 opr as a free parameter constant with time. We consider a chemical network based on the work by Tielens & Hagen (1982) modified following the results of several recent experimental works as described below. The simplest formation pathway towards solid water is the sequential hydrogenation of atomic oxygen:
This reaction channel was experimentally measured to occur in cold conditions, probably via barrierless reactions (Hiraoka et al. 1998; Dulieu et al. 2010; Jing et al. 2011 ). In addition, water can also be formed from different channels involving O 2 or O 3 as follows. First, water can be formed from molecular oxygen, either from the gas phase or formed on grains, following the reaction channels:
These pathways have been experimentally demonstrated by Miyauchi et al. (2008) ; Ioppolo et al. (2010) and Cuppen et al. (2010a) at temperatures of 10 K. Miyauchi et al. (2008) also showed an isotope effect in the formation of water from hydrogen peroxide, implying the possibility of tunnelling through an activation barrier for this reaction. Second, water can be formed from ozone on interstellar grains (Cuppen & Herbst 2007; Taquet et al. 2012a ) following the reaction
Then, O 2 and OH can continue to react to form water via the reactions described above. Mokrane et al. (2009) and Romanzin et al. (2011) Cuppen & Herbst (2007) have concluded that molecular hydrogen plays a key role in the formation of water ice in molecular clouds. When hydrogen is mostly in its molecular form, water is formed at ∼ 70% by the reaction
Oba et al. (2012) experimentally showed that HDO formation from OH is ten times less efficient than the formation of H 2 O from OH, implying an isotope effect and therefore the possibility of tunnelling through an activation barrier in this reaction. OH radicals can also recombine if the ice temperature is high enough (40 K in their experiment) to allow their mobility. Oba et al. (2011) experimentally determined branching ratios for the reactions
of 0.2 and 0.8, respectively. Unlike Cazaux et al. (2010 Cazaux et al. ( , 2011 , we do not include the O+H 2 reaction since it is unlikely to proceed at low temperatures (10-20 K) given its high endothermicity (960 K; Baulch et al. 1992) . Oba et al. (2012) confirmed that the co-deposition of cold O atoms with H 2 at 10 K does not result in the formation of water but only of O 2 .
We enlarge the water-formation network by including the deuterated counterparts of all reactions mentioned above. Due to the higher mass of deuterated species with respect to their main isotopologue, the reaction rates of barrierless reactions involving deuterated species are decreased. A careful treatment of the transmission probabilities (i.e. probability of tunnelling through the activation barrier) of all reactions possessing a barrier is described in section 2.4.
Formation and deuteration of other ices
The accretion of CO and O particles onto interstellar grains can lead to the formation of carbon dioxide (CO 2 ) mainly via three reaction channels (Ruffle & Herbst 2001) HCO + O → CO 2 + H (10)
Gas phase experiments have shown that reaction (10) is barrierless (e.g. Baulch et al. 2005) although it has never been studied on interstellar ice analogues so far. Reaction (11) is thought to have a high activation energy (Talbi et al. 2006) . Laboratory experiments have shown that solid carbon dioxide can be formed from this reaction with low efficiency, at least two orders of magnitude lower than astronomical observations (Roser et al. 2001; Raut & Baragiola 2011) .
Formation of solid carbon dioxide, from OH radicals and CO molecules, has been observed even at very low temperatures (10-20 K, Oba et al. 2010; Ioppolo et al. 2011; Noble et al. 2011 ). However, the exact pathway of the formation of CO 2 is still uncertain. Following Oba et al. (2010) who observed a weak band attributed to the HOCO radical and other theoretical works, we propose a reaction pathway for the CO 2 formation from CO and OH, as described in Appendix A.2.
The chemical network presented in TCK12b, with the same relative rates, is used to study the formation and the deuteration of formaldehyde and methanol. We also consider the formation of deuterated methane and ammonia from barrierless addition reactions of solid atomic carbon and nitrogen. A full list of surface reactions considered in this work is presented in Appendix B.
Eckart model and reaction probabilities
In previous gas-grain astrochemical models, the transmission probability of exothermic surface reactions has been approximated by the exponential portion of the quantum mechanical probability for tunnelling through a square potential barrier of width a. However, this approach has two main limitations: i) it does not fit the potential energy profile of reactions correctly; ii) the width a is unknown, although in most astrochemical models it is arbitrarily fixed to 1Å (Tielens & Hagen 1982; Hasegawa et al. 1992) . Garrod & Pauly (2011) reproduced the value of the transmission probability of a few reactions with square potential barriers and deduced a width of about 2Å. However, the deduction of this width is based on poorly constrained activation barriers.
Since square potential barriers do not allow us to accurately estimate the values of the transmission probabilities, we compute the transmission probabilities of all the reactions using the Eckart model (Eckart 1930; Johnston & Heicklen 1962) , which fits an approximate potential energy surface. A full description of the Eckart model, our quantum chemistry calculations and the computations of the transmission probabilities are given in Appendix A.
Briefly, the formation of deuterated water includes two reaction channels which have an activation barrier: reactions (5) and (7). Reaction (5) has been theoretically studied by Koussa et al. (2006) and Ellingson et al. (2007) but only for the main isotopologues. Therefore, quantum chemistry calculations are conducted for all the reactions (5) including deuterated isotopologues (see Appendix A for more details on the calculations). Concerning reaction (7), the transmission probabilities of all the deuterated counterparts have been deduced from the theoretical work by Nguyen et al. (2011) . Figure 2 shows the Eckart and the symmetric square potentials as a function of reaction coordinates for the reaction (5) computed in this work. As suggested previously, it can be seen that the Eckart potential is far to be symmetric. Furthermore, the reaction profile is thinner than the square barrier. Since the quantum tunnelling probability of transmission through this barrier depends on the area of the potential energy profile, the Eckart model gives higher probability of transmission than the square barrier (1.4 × 10 −7 versus 1.2 × 10 −8 ). Table 2 lists the reactions with an activation barrier, as well as the input parameters needed for computing the transmission probabilities. It also compares the transmission probability computed with the Eckart model and with a symmetric square potential barrier of the same activation energy and adopting a width of 1 Å (the value commonly used in most gas-grain astrochemical models). The comparisons between the two approaches show that the assumption of a square barrier width of 1 Å tends to underestimate the reaction probabilities for all the reactions by up to seven orders of magnitude.
The transmission probability of the CO+H reaction computed with the Eckart model is in good agreement with the range of values we deduced in TCK12a. In this latter work, we varied the transmission probability P r of this reaction and found that a transmission probability higher than 2 × 10 −7 was needed to reproduce the solid CH 3 OH/CO ratio observed towards high-mass protostars.
Photodissociation and photodesorption of ices
In addition to Langmuir-Hinshelwood chemical reactions, we also consider the effect of FUV (6 -13.6 eV) photons on ices, following the results of molecular dynamics (MD) simulations carried out by Andersson et al. (2006) and Andersson & van Dishoeck (2008) . They showed that an amorphous ice absorbs UV photons in a 1-2 eV narrow band peaked at ∼ 8.5 eV, in good agreement with experimental works by Kobayashi (1983) , reaching a maximal absorption probability of 7 × 10 −3 per monolayer. We convolve the absorption spectrum with the emission spectrum of the interstellar radiation field (ISRF) deduced by Mathis et al. (1983) and with the emission spectrum of H 2 excited by the secondary electrons produced by the cosmic-rays ionization of H 2 (CRH2RF) computed by Gredel et al. (1987) . The absorption probabilities P abs of each monolayer integrated along the 6 -13.6 eV band are therefore equal to 1.51 × 10 −3 for ISRF and 1.03 × 10 −3 for Table 2 : List of reactions having a barrier, with the forward, backward activation barriers, the imaginary frequency of the transition state, the transmission probabilities computed with the Eckart model and the square barrier method (using a barrier width of 1 Å). Notes. The probability type refers to the method used for computing the probability. "Experiments" means that the transmission probability is deduced from the CO+H reaction by considering the relative rates experimentally measured by Hidaka et al. (2009) CRH2RF. Andersson & van Dishoeck (2008) also showed that the photofragments, OH and H, display different trajectories (desorption, trapping, or mobility on the surface) and they computed the yield of each trajectory as function of the monolayer. Subsequent experimental studies by Yabushita et al. (2006 Yabushita et al. ( , 2009 and Hama et al. (2009 Hama et al. ( , 2010 have confirmed the different photofragment trajectories revealed by MD simulations. However, our model only considers one chemically reactive layer (the outermost). We deduce the yield of each trajectory by averaging the yields computed by Andersson & van Dishoeck (2008) on each layer. The list of trajectories as well as their averaged yield Y is given in Table 3 . The rate of each trajectory can be deduced, via the following equation
where F UV (cm −2 s −1 ) is the photon flux of the 6 -13.6 eV UV band which is absorbed by the amorphous ice, σ(a d ) (cm 2 ) is the cross section of interstellar grains (= π(a d /2) 2 where a d is the grain diameter), 5 refers to the absorption of the five outermost layers, and N s is the number of sites on the grain surface.
Owing to the lack of quantitative data on the photodesorption of atoms and on the photodissociation of hydrogenated (and deuterated) molecules other than water on ASW ice, we consider the same absorption probability for all atoms and molecules as for water. For atoms, the desorption probability upon absorption is assumed to be unity, whilst we consider the same outcome probabilities for hydrogenated molecules. We follow the experimental results by Fayolle et al. (2011) for wavelength-dependent CO photodesorption between 7.5 and 13 eV. The convolution of the CO photodesorption spectrum with the ISRF and CRH2RF fields gives integrated photodesorption yields of 1.2 × 10 −2 and 9.4 × 10 −3 photon −1 molecule −1 , respectively. Owing to the lack of data on the wavelengthdependent photodesorption of other molecules, we consider the same photodesorption rates for O 2 , and N 2 .
Binding energies
Comparisons between the observed absorption 3 µm band of water and laboratory experiments have shown that grain mantles are mainly composed of high-density amorphous solid water (ASW) (Smith et al. 1989; Jenniskens et al. 1995) . Therefore, binding energies of adsorbed species relative to ASW must be considered.
It is now accepted that light particles (H, D, H 2 , HD, D 2 ) show a distribution of their binding energies relative to ASW, depending on the ice properties, the adsorption conditions, and the coverage of the accreted particles. Perets et al. (2005) have experimentally highlighted the influence of the ice density on the HD and D 2 binding energies. Molecules adsorbed on low-density amorphous ices (LDI) desorb following three desorption peaks that are at lower temperatures than the single observed desorption peak of molecules evaporating from a high-density amorphous ice (HDI). By depositing D 2 on ASW, Hornekaer et al. (2005) showed that D 2 is more efficiently bound to porous surfaces. Furthermore, binding energies follow broad distributions between 300 and 500 K and between 400 and 600 K for non-porous and porous ASW ices, respectively. Amiaud et al. (2006) studied the link between the binding energy distribution of D 2 with its coverage on a porous ASW ice and with ice temperature. More particularly, they showed that the D 2 binding energy decreases with H 2 coverage, from ∼ 700 K to ∼ 350 K whilst distributions broaden.
The experimental results have been supported by theoretical MD calculations. For example, Hornekaer et al. (2005) and Al-Halabi & van Dishoeck (2007) found that the binding energy distributions are essentially a consequence of the variation in the number of water molecules surrounding the adsorbed particle. Thus, the binding energy of H shows a broader distribution peaked at higher values on porous and irregular amorphous water ice than on a structured crystalline ice.
It is believed that deuterated species are more efficiently bound with ices than their main isotopologues because of their higher mass (Tielens 1983) . However, the difference in binding energy between H, H 2 , and their deuterated counterparts still remains poorly constrained. Experiments by Perets et al. (2005) and Kristensen et al. (2011) have shown that distribution peaks of the H 2 , HD, and D 2 binding energies are very close (less than 5 meV ∼ 60 K). These differences remain much smaller than the typical full-width-at-half-maximum of binding energy distributions shown by MD simulations (∼ 195 K for a amorphous ice Al-Halabi & van Dishoeck 2007), we, therefore, assume the same binding energy for H, D, H 2 , HD, and D 2 . We also verify a posteriori that a small difference of 50 K between these binding energies has a very limited influence on the deuteration of water.
To take the binding energy distribution of light adsorbed species on ices into account, we assume the binding energy of H, D, H 2 , HD, and D 2 relative to ASW E b,AS W as a free parameter between 400 and 600 K. We consider constant binding energies of heavier species, following several experiments. Table 4 lists the binding energies of selected species. We assume that the deuterated species have the same binding energy as their main isotopologue. Speedy et al. (1996) H 2 is, by about four orders of magnitude, the most abundant molecule in molecular clouds. Most particles that accrete onto the surface are, therefore, H 2 molecules. At low temperatures, H 2 would become the most abundant icy molecule if binding energies were computed relative to a water ice substrate alone. However, microscopic models by Cuppen & Herbst (2007) and Cuppen et al. (2009) have shown that the total binding energy of a adsorbate relative to a substrate is given by the additive energy contribution of the occupied neighbouring sites. Therefore, an H 2 O:H 2 mixture must be considered for computing an effective E b . Vidali et al. (1991) gave an estimate of the binding energy of H on an H 2 ice, which is about 45 K at 10 K. Following Garrod & Pauly (2011) , we compute the effective binding energy of each species i from the fractional coverage of H 2 on the surface, P(H 2 )
where E b,wat (i) is the binding energy of the species i relative to water ice, the values of selected species are listed in Table  4 . To deduce E b,H2 of species other than H, we apply the same scaling factor as for atomic hydrogen (
The increase in the H 2 abundance in the mantle tends to decrease the effective binding energy E b (i) of physisorbed species i.
Physical model
As described in the introduction, water ice is formed at visual extinctions A V higher than 3 mag (Whittet et al. 1988 (Whittet et al. , 2001 ), whilst gas phase CO is detected above a visual extinction threshold of 2 mag (Frerking et al. 1982 ) and PDR models show that hydrogen is already mainly molecular at A V < 1 mag. Water ice is, therefore, thought to be formed when the gas is already molecular.
We consider a two-step model. For each set of input parameters, we first compute the abundances of gas phase species as-suming the element abundances shown in Table 1 and considering the gas phase network described in section 2.2. For this, we assume the steady state values, which are reached after 5 × 10 6 yr when the density is 10 3 cm −3 and after 10 6 yr at 10 4 cm −3 . This first step is meant to describe the molecular cloud and the initial pre-collapse phase before the formation of the ice bulk. In practice, we assume that the timescale to reach the chemical equilibrium is shorter than the dynamical timescale for the gas to reach the prestellar core conditions. These gas phase abundances are then considered as the initial abundances for the gas-grain modelling. In the second step, we allow gas and grain surface chemistry to evolve whilst physical conditions (density, temperature, visual extinction) remain constant.
Multi-parameter approach
Following our previous works (TCK12a, TCK12b), we consider a multi-parameter approach by considering free physical, chemical, and surface input parameters. This approach allows us to study their influence on the formation and the deuteration of key species.
The total density of H nuclei in molecular clouds, where interstellar ices are thought to be formed, show typical variations from 10 3 cm −3 at the edge of clouds to 10 6 cm −3 in denser prestellar cores. Temperatures of the gas and grains also show variations depending on the location inside the cloud. Here, we consider three fixed temperatures, by assuming that the gas and grain surface temperatures are equal, T g = T d . We study the influence of the visual extinction on the formation and the deuteration of ices by considering A V as a free parameter. As previously explained in section 2.2, the ortho/para ratio of H 2 is considered as constant.
In section 2.6 and in TCK12a and TCK12b, we showed the importance of considering distributions of several grain surface parameters (grain diameter a d , binding energy E b of light species, diffusion to binding energy ratio E d /E b ). We therefore consider them as free parameters, the range of values are listed in Table 5 .
We keep fixed the following other parameters: -distance between two sites d s = 3.1 Å, corresponding to a highdensity ASW (Jenniskens et al. 1995) ; -cosmic-ray ionization rate ζ = 3 × 10 −17 s −1 ; -interstellar radiation field (ISRF) F IS RF = 1×10 8 photons cm In the model grid, some of the parameter values are inconsistent with each other and do not necessarily reflect realistic physical models. We use this model grid in order to systematically study the influence of each parameter on the formation and the deuteration of interstellar ices. For this purpose, we compute the mean values and 1-sigma standard deviations of species abundances and deuterations either in the gas phase or grain surfaces, following the method by Wakelam et al. (2010) . Table 5 lists all the free parameters and their ranges of values explored in this work. 
Results
In this section, we present the results in two steps. First, we consider the formation of water and other major ice species, and second, we focus on the deuteration. Specifically, in section 3.1, we validate our model. For this purpose, i) we compare our predicted gas phase abundances as function of the visual extinction with PDR model predictions; ii) we compare the predicted abundances of gaseous and solid water as function of the visual extinction with published observations; iii) we discuss the multilayer formation of interstellar ices for a set of three reference physical conditions. We emphasize that our approach does not pretend to describe the whole evolution of the cloud. The reference models are meant to quantify the influence of specific physical conditions, which are likely to describe different evolutionary stages, on the ice chemistry.
Second, after validating the model, we focus on the water deuteration. In section 3.2, we emphasize the importance of the CO depletion on the deuterium fractionation of the reference models. Then, in section 3.3, we perform a multiparameter study that allows us to evaluate the influence of each model parameter on the deuterium fractionation of water. Comparing the model predictions with the observations allows us to constrain a range of values for the chemical and physical parameters.
3.1. Validation of the model 3.1.1. Initial gas phase abundances As described in section 2.7, we adopt a two-step model. The ice formation phase is followed by considering initial abundances that are computed from steady-state calculations of gas phase chemistry. These initial abundances depend on the density and the temperature, but mainly on the visual extinction A V (hereafter, A V means the edge-to-centre visual extinction, half of the observed visual extinction), because photolytic processes play a significant role at low visual extinctions. In fact, the abundance of most gas phase species weakly depends on the density and the temperatures (in the range of values considered in this work) but are essentially a function of the visual extinction. Therefore, we compare the gas-phase abundances of key molecules for ice formation (H, D, C, O, CO, O 2 ) between our model and the Meudon PDR code (Le Petit et al. 2006 ) for a total density n H = 10 4 cm −3 . Figure 3 shows the depth-dependent chemical abundances of gas phase H, D, O, C, O 2 , and CO, for n H = 10 4 cm −3 computed by the PDR code in the low visual extinction regime. These abundance profiles are in relative good agreement with the initial abundances computed with our model. The abundances differ by 20% for most abundant species and within one order of magnitude when species display low abundances (C and O 2 ). This validates the use of the H 2 , HD, and CO self-shieldings in our code. The other differences are due to the different chemical networks and physical conditions between the two codes (the PDR and ours). The decrease in UV flux with increasing A V increases the abundance of molecules such as H 2 , HD, and CO, and decreases the abundances of H, D, and then C, and O. D abundance is governed by the high photodissociation of HD at low A V and by the formation of H + 3 isotopologues at higher A V , and shows an abundance minimum at A V = 1 mag.
Molecular oxygen is formed at higher visual extinction, and it reaches its maximal abundance at A V > 5 mag. Our chemical network predicts a high O 2 /O abundance ratio (∼ 1−1.5). In fact, the O 2 abundance is highly uncertain because it depends on 1) the rate coefficients of some key reactions displaying high uncertainties, and 2) the elemental abundances of carbon and oxygen (see Wakelam et al. 2010; Hincelin et al. 2011 ). Moreover, observations carried out with the SWASS, Odin, and Herschel space telescopes have revealed that O 2 is not abundant in molecular clouds (X (O 2 ) 10 −7 , see Goldsmith et al. 2011; Liseau et al. 2012) . Modelling the formation of ices with high O 2 abundances is not necessarily realistic, and we, therefore, investigate the influence of the gas phase O 2 /O abundance ratio on the formation of ices in section 3.1.3. 
Concluding remarks.
As shown in Fig. 3 , the chemistry in the gas phase is known to strongly depend on the visual extinction A V . The steady-state gas phase abundances computed with our model are in good agreement with the results of PDR simulations. The use of a two-step model might overestimate the abundance of gaseous O 2 affecting ice formation. Therefore, the influence of the O 2 /O ratio on ice formation needs to be investigated. Figure 4 shows the final (at 10 7 yr) abundances of water ice and vapour as functions of visual extinction A V for physical condition representative of molecular clouds (e.g. n H = 10 4 cm −3 , T g = T d = 15 K). The final abundances can be divided into two zones:
Depth-dependent water abundances
i) a photon-dominated layer (A V < 2 mag) where gas phase molecules are photodissociated and ices are photodesorbed. At very low visual extinctions, interstellar ices are efficiently photodesorbed and show a low abundance of ∼ 10 −7 relative to H nuclei corresponding to less than one monolayer. The abundance of water vapour, given by the balance between its formation in gas phase, its photodesorption from interstellar grains, and its photodissociation, reaches steady state values of 10 −8 −10 −7 (see also Hollenbach et al. 2009) .
ii) a darker region (A V > 2 mag) where the decrease in UV flux allows the formation of interstellar ices, mainly composed of water. At A V = 2 − 4, water ice is mainly formed from the accretion of O atoms via the barrierless reaction (2). Most of the oxygen reservoir not trapped in CO is easily converted into water ice, reaching abundances up to 2 × 10 −4 . The increase in gasphase O 2 initial abundance with A V slightly decreases the final abundance of water ice. Indeed, water ice is also formed via the accretion of O 2 including the formation of hydrogen peroxide. These formation pathways involve reactions possessing significant activation energies and low transmission probabilities (see Table 2 ). Finally, water formation also depends on the grain surface parameters E d /E b and E b (H). A highly porous case (high E d /E b ratio combined with a high binding energy of H) strongly decreases the diffusion rate of mobile H species, decreasing the final abundance of water ice by one order of magnitude (∼ 10 −5 ). Gas phase abundance of water is mainly governed by the balance between photodesorption and accretion. The decrease in UV flux with increasing A v decreases water ice photodesorption and therefore the final abundance of water vapour from 10 −7
at A V = 2 to less than 10 −9 at A V = 5. We can note that the multilayer nature of grain mantles and the use of a wavelengthdependent absorption of UV photons from ices give similar results to theoretical PDR studies (e.g. Hollenbach et al. 2009 ).
In spite of the inevitable approximations of our modelling, our predictions are in good agreement with observations of water ice and water vapour, as shown in Fig. 4 . Concluding remarks. For typical conditions representative of a molecular cloud, we are able to reproduce the observed A V threshold (A V ∼ 1.5 mag, A V,obs ∼ 3 mag) and the high abundance of water ice (X ∼ 10 −4 ). The low abundance of water vapour observed in molecular clouds is reproduced at higher visual extinctions (4-5 mag).
Reference models
Very likely, the different ice components and their relative deuteration are the result of a long history where the physical conditions evolve. Therefore, a model aiming at reproducing the whole set of observations should take this evolution into account. However, before embarking on such a complicated modelling, it is worth while and even important to make clear what the characteristics (specifically, solid species and deuteration)are at each evolutionary step. To this end, we consider three "reference" models in the following: i) translucent cloud model, forming H 2 O and CO 2 ices; ii) dark cloud model, allowing the formation of CO ice; iii) dark core model, showing high depletion of CO. The chemical composition of grain mantles for these refer- i) Translucent cloud model where ices are mainly composed of H 2 O and CO 2 : n H = 10 4 cm −3 , T = 15 K, A V = 2 mag (corresponding to an observed visual extinction of 4 mag). For the conditions considered in this model, grain mantles are mainly composed of water and carbon dioxide. After H 2 , the most abundant species that accrete onto grain surfaces are H, O, and CO.
For these conditions, the initial O 2 /O abundance ratio is low (5 × 10 −4 ). The decrease in the O 2 /O ratio, therefore, does not affect the ice composition significantly. O 2 is involved in the formation of O and CO in the gas phase, and its artificial decrease favours O instead of CO and increases the formation of water ice by 25%, increasing the ice thickness. The relatively high grain temperature (15 K) allows accreted particles to diffuse efficiently and form H 2 O and CO 2 . At this visual extinction, the UV flux irradiating grain surfaces is high, and volatile species, such as atoms or light stable molecules (CO), are efficiently photodesorbed.
Water is the main ice component because it is formed from the barrierless reactions (1) and (2) whilst its other reaction routes are negligible (less than 0.1 %). Carbon dioxide is mainly formed from the hydrogenation of the O...CO complex and not by the direct reaction between CO and OH. Indeed, the grain temperature is not high enough to allow a high diffusion of CO and OH, because of their high binding energy. Instead, O atoms that are less attractively bound can meet CO atoms to form the O...CO van der Waals complex. In turn, O...CO readily reacts with H to form a hot HO...CO* complex that forms CO 2 + H. The accretion of CO and O also allow the formation of formaldehyde and methanol, but only in low abundances, lower than 1 % compared to solid water whilst a low fraction of hydrogen peroxide is predicted for a "normal" O 2 /O ratio. Indeed, they are formed by reactions involving either heavy atoms or significant activation barriers.
The overall abundance of CO 2 relative to H 2 O decreases with time, varying from 30% at the beginning to less than 1% at the end. The decrease in the CO 2 abundance is due to the increase in H abundance once interstellar ices start to form, because of the high photodesorption.
Although H 2 O and CO 2 are formed in high abundances, O and CO are not totally depleted on grains. They still show high gas-phase abundances (about 5 × 10 −5 relative to H nuclei) at the end of the ice formation. The predicted CO 2 abundance relative to water ice is lower than the observations. However, CO 2 formation is very sensitive to the grain temperature (governing the diffusion of O atoms) and to the hydrogen abundance (governing the reaction rate between O and H atoms). A higher temperature, higher visual extinction, and/or higher density would, therefore, tend to increase the abundance of CO 2 relative to water.
ii) Dark cloud model where CO ice starts to form with water, forming a CO:H 2 O mixture: n H = 1 × 10 4 cm −3 , T = 10 K, A V = 4 mag (corresponding to an observed visual extinction of 8 mag), t = 10 6 yr. The low temperature limits the diffusion of O atoms and heavier species whilst the higher visual extinction allows CO molecules to stay bound on grain surfaces even if they do not react to form CO 2 . Therefore, the main components of grain mantles are H 2 O, mainly formed via the reaction (2), and CO.
CO shows an overall abundance relative to water of about 80 %, which is more than two times higher than observed abundance ratios of ices (10-30 %, Whittet et al. 2007; Öberg et al. 2011 ). This is due to the high O 2 /O abundance ratio (∼ 0.5 throughout the calculation) that allows the formation of H 2 O 2 , via barrierless hydrogenation reactions, instead of water. H 2 O 2 is easily trapped within grain mantles before reacting because the reaction destroying hydrogen peroxide has a low transmission probability (see Table 2 ). The decrease in the O 2 /O ratio by one order of magnitude increases the formation of water, giving a CO/H 2 O abundance ratio of 30%, whilst the H 2 O 2 abundance decreases by one order of magnitude. Hydrogen peroxide has recently been observed by Bergman et al. (2011) towards the ρ Oph A dark cloud, confirming its formation in ices and its subsequent sublimation via non-photolytic processes. The low grain temperature favours the formation of formaldehyde and methanol via CO hydrogenation, compared to the formation of CO 2 . Formaldehyde shows an unexpected abundance higher than 8 % compared to water ice. Again, the formation efficiency of formaldehyde and methanol strongly depends on the grain temperature and on the total density. For example, a higher temperature and/or higher density would favour CO 2 formation instead of H 2 CO and CH 3 OH.
A visual extinction of 4 mag decreases the final gas-phase abundances of O and CO, compared to A V = 2 mag. Indeed, gasphase CO reaches an abundance of 5 × 10 −6 whilst O abundance decreases to 10 −7 at 10 7 yr. The difference in the two abundances is due to the efficient destruction of O atoms forming solid water, whilst most CO molecules do not react and are still able to photodesorb.
iii) Dark core model where most of CO is depleted, allowing the formation of pure CO ice and solid formaldehyde and methanol: n H = 10 5 cm −3 , T = 10 K, A V = 10 mag (corresponding to an observed A V of 20 mag). The low temperature, the high visual extinction, and the high density allow a significant trapping of CO molecules in the inner part of grain mantles whilst the formation efficiency of CO 2 is low owing to the low temperature. H 2 CO and CH 3 OH are formed via hydrogenation reactions that have high activation barriers. They are, therefore, mainly formed in the outer part of the ice when the CO depletion is high, which allows an efficient hydrogenation (see TCK12a).
At this visual extinction, solid water is less abundant than hydrogen peroxide because the initial gas-phase O 2 abundance is higher than the abundance of atomic oxygen (O 2 /O between 1 ∼ 3 throughout the calculation). Water formation is mainly formed through the formation of H 2 O 2 , which involves reactions having high activation barriers. Hydrogen peroxide is most likely trapped in the bulk before forming water owing to the relatively high density. In this case, solid CO reaches an absolute abundance relative to H nuclei of 10 −4 , water and CO 2 show lower abundances (10 −5 and 4 × 10 −6 ), whilst formaldehyde and methanol show an abundance of 2 × 10 −6 and 8 × 10 −7 , respectively. Decreasing the O 2 /O abundance ratio to 0.3 strongly increases the formation efficiency of water and CO 2 instead of hydrogen peroxide. For this case, water is almost as abundant as CO. Gas-phase abundances of O, O 2 , and CO decrease with time and show high depletions (with final abundances lower than 10 −10 ), whereas H abundance remains constant.
Concluding remarks. The chemical composition of ices is very sensitive to the physical conditions and to the initial abundances.
Most of the observed ice features are reproduced by the reference models: the water-rich ice seen at low visual extinctions is also composed of abundant CO 2 , whilst the abundances of solid CO (and H 2 CO and CH 3 OH) gradually increase with the visual extinction and the density. The increase in the O 2 /O ratio decreases the abundance of water because its formation from O 2 involves reactions that have significant activation barriers (see Table 2 ). However, since it is likely that O 2 abundance remains low in dark clouds, water formation seems to be efficient in a wide range of physical conditions. Therefore, the study of the water deuteration needs to include the variation of several physical parameters.
CO depletion and molecular deuteration
As discussed in TCK12b, the deuteration of solid species strongly depends on the values of the CO depletion and the density at the moment of their formation. The initial densities of H and D are roughly constant regardless of the total density. Their abundance relative to H nuclei decreases with increasing n H . At low densities, the increase in D abundance is limited by the weak deuterium reservoir, whilst the D/H ratio is able to strongly increase at higher densities. The gas and grain temperatures, as well as the visual extinction, also affect the evolution of the D/H ratio because they influence the desorption rate of H and D. In summary, since all these quantities vary with time, deuteration is not necessarily constant within grain mantles.
The influence of the CO depletion, the density, the temperatures, and the visual extinction on the water deuteration is shown in Figure 6 for the three "reference" models described in the previous section. At the beginning of the gas-grain calculation, CO has already reached its maximal abundance (∼ 10 −4 , see Fig. 3 ). With time, the CO molecules freeze-out onto grains, decreasing the gas-phase CO abundance and increasing the CO depletion factor. The decrease in the temperatures from 15 to 10 K and the increase in the visual extinction from 2 to 4 mag increase the gasphase D/H ratio from 0.1 % to 0.4 % at f D (CO) = 1. The increase in total density from 10 4 to 10 5 cm −3 increases the final D/H ratio from 1 % to 10 %. The decrease in the gas-phase O 2 /O abundance ratio does not modify the water deuteration for the two low-density cases. However, it slightly decreases the HDO/H 2 O ratio for the dense core model by a factor of two because water is more efficiently formed at low CO depletion (see Fig. 5 ) when the D/H ratio is low.
Concluding remarks.
As previously noted, water deuteration is largely influenced by the gas D/H atomic ratio. Consequently, the largest deuteration is obtained where the CO depletion and the gas-phase D/H ratio are high, namely in the latest and less efficient phases of water formation, represented by the reference model iii). Comparison with the observed deuterium fractionation towards IRAS 16293 shows that a part of water ice should have formed during a dark and/or dense phase. In the following section, we investigate the impact of key parameters on water deuteration. (orange) as function of the CO depletion factor f D (CO) = n g (CO)/n g,ini (CO), which increases with time, for the three reference models: translucent cloud region (dotted), dark cloud region (dashed), dark core region (solid).
Physical/chemical parameters and water deuteration
In this section, we study the influence on ice deuteration of several physical and chemical parameters which play a key role. Each figure presented in this section shows the influence of one (or two) parameter(s) at a time. For each value of the studied parameters, mean value and standard deviation of absolute abundances and deuterations induced by the variation in other input parameters are computed. Comparisons between the evolution of the mean deuteration induced by the variation in the studied parameter and the standard deviation caused by other parameters allow us to deduce the importance of that parameter on water ice deuteration.
The predicted deuteration levels of water ice are compared with the observed HDO/H 2 O and D 2 O/H 2 O ratios towards the hot corino of IRAS 16293 (Coutens et al. 2012) to constrain the input parameters that reproduce the observations best. For this purpose, we assume that the entire bulk of interstellar ices desorbed in the hot corino and the observed deuteration reflects the deuteration in ices (see Introduction).
Influence of the H 2 o/p ratio
As described in section 2.2, the H 2 opr influences the deuteration of gas-phase species (including atomic D) (Walmsley et al. 2004; Flower et al. 2006; Pagani et al. 2009 ), thereby affecting the deuteration of solid water. Figure 7 shows the HDO/H 2 O and D 2 O/H 2 O ratios in grain mantles as a function of time for four values of H 2 opr, including the variation in all other parameters, except the visual extinction range, which is limited to 2 -10 mag (where most of water is believed to form, see Fig. 4 ). As anticipated, the H 2 opr governs the deuteration of water ice via its influence on the abundance of H + 3 isotopologues and atomic D, for values higher than about 3 × 10 −4 . An increase in H 2 opr between 3 × 10 −4 and 3 decreases the HDO/H 2 O and D 2 O/H 2 ratios by 2.5 orders and 5.5 orders of magnitude, respectively. Furthermore, the ortho/para ratio of H 2 is a key, even the most important, parameter for water deuteration. The decrease in the deuteration due to the increase in the H 2 opr is much greater than the standard deviation induced by the variation in other parameters. Comparisons with the observations by Coutens et al. (2012) clearly suggest that a low opr of H 2 , lower than 3 × 10 −4 , is needed to reproduce the observed deuterium fractionation.
Influence of the total density
As discussed in section 3.2, the gas-phase D/H ratio is a function of the total density n H because high densities allow the gas-phase D/H ratio to increase with the CO depletion. Figure  8 shows the deuteration of HDO and D 2 O for the four considered densities, using an H 2 opr of 3 × 10 −6 , two temperatures (10 and 20 K), and a high visual extinction (10 mag), including the variation in grain surface parameters. At low densities (n H ≤ 10 4 cm −3 ), water deuteration is constant and low with time because a significant part of HD is already trapped in atomic D, before the CO depletion. At higher densities (n H > 10 5 cm −3 ), the efficient increase in the gaseous D/H ratio allows an increase in the deuteration of water up to 10%. In these cases, HDO is mostly located in the outer part of grain mantles, and D 2 O is only located in the outermost layers, whilst H 2 O is present throughout the mantle bulk. For this reason, the HDO/H 2 O is limited and cannot reach the final gasphase D/H ratio (up to 50 % at n H = 10 6 cm −3 ). In summary, the total density plays a key role in the deuteration of water. Indeed, the variation in the total density n H between 10 3 and 10 6 cm −3 influences the HDO/H 2 O and D 2 /H 2 O ratios by 2 and 3.5 orders of magnitude, respectively.
The two observed deuteration ratios can be predicted with total densities n H between 10 4 and 10 5 cm −3 at 10 K and between 10 5 and 10 6 cm −3 at 20 K, regardless of other grain surface parameters. In the following section, we study the case n H = 10 4 cm −3 in more detail to investigate the effect of the temperature and the visual extinction on water deuteration.
Influence of the temperature and visual extinction
Temperatures either in the gas-phase and on grain surfaces also influence the deuteration of water. First, an increase in the gasphase temperature enhances the reactivity of endothermic reactions, which can hydrogenate back H + 3 isotopologues, decreasing the abundance of gaseous D atoms. Second, an increase in the grain temperature severely increases the desorption rate of volatile species, such as atomic H or D. The abundance of gaseous D is limited by the low deuterium reservoir, whereas the abundance of atomic hydrogen can increase up to two orders of magnitude, decreasing the gaseous D/H ratio. Water is mainly produced via reactions involving atomic H and D, increasing gas and dust temperatures, hence, decreasing the water deuteration on grain surfaces. Figure 9 shows this effect by presenting the final HDO/H 2 O and D 2 O/H 2 O ratios (at 10 7 yr) with the visual extinction, for the three temperatures, considering an H 2 opr of 3 × 10 −6 , a total density of 10 4 cm −3 , and including the variation in grain surface parameters. The increase in the (gas and grain) temperatures between 10 and 20 K slightly decreases the water deuteration approximately by a factor of 3 for HDO and of 10 for D 2 O at visual extinctions higher than 2 mag. The evolution of deuteration is the same order of magnitude as the standard deviations induced by the variation of other parameters.
The H and CO abundances in the gas-phase increase with decreasing A V because of the increase in the photodesorption rate, decreasing the gaseous D/H ratio. Visual extinction, therefore, influences water deuteration at low visual extinctions where water starts to form (2mag < A V < 5 mag). As can be seen in Fig. 9 , HDO/H 2 O and D 2 O/H 2 O ratios increase by one and two orders of magnitude respectively, between A V = 2 and 5 mag, .
Comparison with observations shows that observed HDO and D 2 O fractionations are reproduced for a low temperature of 10 K and for visual extinctions A V higher than 4 mag (A V,obs = 8 mag), implying that deuterated water needs to be formed in dark regions if n H = 10 4 cm −3 .
Influence of grain surface parameters
The grain surface parameters (
can also influence the formation of interstellar ices. As discussed in TCK12a, the absolute abundance of the main ice constituents formed on grain surfaces (water, formaldehyde, methanol for instance) decrease with E d /E b whilst the grain size does not affect the overall abundance (but only the ice thickness). Moreover, it is also seen that the absolute abundance of water slightly decreases with the binding energy of volatile species. The water deuteration is slightly affected by the variation of the grain surface parameters. As shown in Fig. 9 , the standard deviations given by the variation of the grain surface parameters remain lower than the evolution of the water deuteration lead by the variation in the temperature and the visual extinction. The water deuteration slightly decreases with the grain size due to the decrease in the CO depletion efficiency (since the accretion rate is inversely proportional to the grain size), limiting the increase in the deuterium fractionation. On the other hand, the water deuteration slightly increases with E d /E b and E b (H) because the formation efficiency of H 2 O decreases with the diffusion energy of volatile species, increasing the overall fractionation.
Concluding remarks
Comparing the average value of the deuterium fractionation with the standard deviation induced by the variation of other parameters allows us to claim that the H 2 opr is the most important parameter for water deuteration, followed by the total density. The visual extinction and the temperature also influence water deuteration but more weakly.
The comparison of our model predictions with observations allows us to constrain some parameters involved in the formation of deuterated water seen towards IRAS 16293. The observations are reproduced for -a H 2 opr lower than 3 × 10 −4 ; -a density lower than 10 5 cm −3 if T = 10 K and A V > 4 mag; -a higher density n H between ∼ 5 × 10 4 cm −3 and 10 6 cm −3 if T = 20 K.
Comparisons with previous models
In this section, we compare our model predictions for the gasphase deuteration and for water ice deuteration with previous models. The atomic D/H ratio in the gas-phase depends on the deuteration of H + 3 . We compare our predictions from steady state models with those by Flower et al. (2006) , specifically their Fig.  5 . We obtain the same influence of the H 2 opr on the deuteration of H + 3 , with similar fractionation values. To our knowledge, the only comprehensive theoretical study focused on the deuterated water formation on grain surfaces was performed by Cazaux et al. (2011) , even if other works also included the deuteration of water ice in their astrochemical model (i.e. Tielens 1983; Caselli et al. 2002; Stantcheva & Herbst 2003; Bell et al. 2011 ). Cazaux et al. (2011 considered a static stage followed by a free-fall collapse phase. However, in their model, the deuterated water is practically formed only during the first static phase. Thus, it is worth comparing their predictions with ours.
The main difference is that they found that the water deuteration is highly temperature-dependent and lower than our pre- and including the variation of all other input parameters. The vertical line refers to the A V threshold of water ice observed by Whittet et al. (1988) . Hatched boxes refer to water deuteration observed by Coutens et al. (2012) towards IRAS 16293.
dictions at low (< 15 K) temperatures (Fig. 8 of this work versus Fig. 3.c of Cazaux et al. 2011 ). This is due to a different approach in the reaction probability computation and the use of the endothermic O+H 2 reaction in the chemical network. Cazaux et al. (2011) assumed a competition between the reaction and the diffusion. In their model, if the diffusion timescale of the reactants is larger than the transmission timescale of the reaction, the reaction occurs regardless of its activation barrier. Thus, at low temperatures, the mobility is low and the reaction always occurs. In contrast, in our work, the reaction rate is given by the product of the collision rate of the two reactants and the reaction probability P r (see Sec. 2.1 and 2.4), giving a much smoother dependence on the temperature. As a consequence, in Cazaux et al. (2011) −1 ). At higher temperatures (> 15 K), both models agree since water is formed via the same reactions, namely O+H and OH+H (and their deuterated counterparts) . This comparison shows that the chemical route for the water formation is the major actor in the game, whilst other differences in the two models, including the physical evolution treatment, play a minor role in the water deuteration. However, we should point out that the O+H 2 reaction cannot occur at low temperatures given its endothermicity. Therefore, it is unlikely that water deuteration shows a such strong temperature dependence.
Discussion
In the previous paragraphs, we have shown that the deuteration of water and other molecules strongly depends on the H 2 opr and the total density, but also on the visual extinction and the temperature where solid molecules are formed. The high deuteration of water (HDO/H 2 O > 1 % and D 2 O/H 2 O > 0.01 %) observed towards the low-mass protostar IRAS 16293 (Coutens et al. 2012) can only be reproduced with an H 2 opr that is lower than 3×10 −4 , suggesting that most of deuterated water is formed at low H 2 opr. The ortho-para ratio reaches its steady-state value on a timescale proportional to the total density, of about 10 7 yr at n H = 10 4 cm −3 (Flower et al. 2006) . If the H 2 molecule has an initial opr value of 3 upon its formation on grain surfaces, the high deuteration observed around IRAS 16293 would suggest that water observed in this envelope has been formed in an "old" molecular gas, i.e. a gas old enough to show a low H 2 opr at the moment of the formation of interstellar ices. However, it is possible that the ortho-to-para conversion also occurs on grain surfaces (Le Bourlot 2000) but with an uncertain rate (see Sugimoto & Fukutani 2011; Chehrouri et al. 2011; Hama et al. 2012 ). The decrease in the H 2 opr could occur, therefore, faster and the molecular cloud age of 10 7 yr deduced from the estimate by Flower et al. (2006) should only be used as an upper limit.
The observed deuterium fractionation of water is only reproduced for dark conditions (high visual extinctions and low temperatures if n H = 10 4 cm −3 or higher densities). Therefore, although IR observations of ices show that water ice starts to form at low visual extinctions, the deuterated water observed in IRAS 16293 should instead be formed in darker regions. Consequently, H 2 O would be present in the inner part of ice mantles, whilst most of HDO and D 2 O molecules should be located in the outer layers. A physical evolution, modelling the accumulation of matter from diffuse molecular clouds to dense cores, would allow us to directly confirm this result. The high observed deuteration of water also confirms that water is mostly formed from reactions involving atomic H and D and not by molecular hydrogen (see Sec. 4).
Observations of water, formaldehyde, and methanol vapours towards low-mass protostars show that these species have different deuterium fractionations. Figure 10 overplots the observed deuteration towards IRAS 16293 with mean theoretical deuteration values reached at t = 3 × 10 5 yr (i.e., the upper limit of the age of prestellar cores, see Bergin & Tafalla 2007) as function of the density, for two temperatures, a low H 2 opr of 3 × 10 −6 and only considering dark regions (A v = 10 mag). The comparison of our predictions with observations shows that i) our model reproduces the observed HDO/H 2 O and D 2 O/H 2 O ratios for densities between 1 × 10 4 and 1 × 10 5 cm −3 at 10 K and between and 2 × 10 4 and 3 × 10 5 cm −3 at 20 K. Therefore, water deuteration is reproduced within a wide range of physical conditions representative of molecular clouds but not in the too-translucent cloud phase with too low density, too low visual extinctions and too high temperatures. ii) the observed HDCO/H 2 CO can be reproduced at higher densities (3 × 10 5 − 10 6 cm −3 ) and lower temperatures (∼ 10 K) as seen in the central regions of prestellar cores. The D 2 CO/H 2 CO ratio is reproduced at densities higher than 10 6 cm −3 (at ∼ 5 × 10 6 cm −3 , TCK12b In summary, the difference in the deuterium fractionation of molecules seen in IRAS 16293 can be explained by different periods of formation. Water is mainly formed first in regions showing intermediate densities representative of molecular clouds (n H = 10 4 − 10 5 cm −3 where the CO depletion is limited. Formaldehyde and methanol are formed subsequently, at higher CO depletions when the gas is denser and colder. These predictions are in good agreement with infrared observations of interstellar ices presented in the introduction which also show that water ice is formed first, at low visual extinctions, whilst solid methanol forms later on at visual extinctions higher than 15 mag (Whittet et al. 2011) .
More generally, the deuterium fractionation of any species, believed to be formed mainly in ices, can be used as a tracer to estimate the physical conditions at the moment of its formation. As shown in Fig. 10 , the D/H ratio increases with increasing density and with decreasing temperature. A low deuteration, similar to the deuteration of water, implies that the solid species is mainly formed in regions with relatively low densities, even if its deuterated isotopologues could be formed mainly in a later phase. In contrast, a high deuteration level suggests that the solid species is mostly formed in the dense and cold phase where the deuteration in the gas-phase (and in particular the atomic D/H ratio) is high. Extremely high deuteration, such as methanol deuteration, would also imply the existence of abstraction reactions or other processes enhancing the formation of deuterated isotopologues with respect to the main isotopologue (TCK12b). H/D exchange reactions between solid methanol and water, for example, can also lead to a selective deuteration of functional groups (Ratajczak et al. 2009 ).
Conclusions
We have presented a comprehensive study of the formation and the deuteration of interstellar water ice carried out with our astrochemical model GRAINOBLE. In addition to the multilayer formation of grain mantles presented in a first paper (TCK12a) and the use of abstraction reactions for the deuteration of formaldehyde and methanol (TCK12b), we introduced a better treatment for computing the transmission probabilities of surface reactions based on the Eckart model. We also considered wavelengthdependent UV photodesorption of ices following molecular dynamics (MD) simulations and new experimental works.
The main results of this work are the following: 1) Our model reproduces the abundance of water ice and the visual extinction threshold observed by Whittet et al. (1988) , as well as the different ice components seen in different molecular clouds regions.
2) Water deuteration strongly depends on the ortho-to-para ratio of H 2 and the total density, but also, even though more weakly, on the gas and grain temperatures and on the visual extinction.
3) The deuteration of water observed towards the low-mass protostar IRAS 16293 can only be reproduced by considering a H 2 opr lower than 3 × 10 −4 and a total density between 8 × 10 3 and 5 × 10 5 cm −3 . If a low density (10 4 cm −3 ) is considered, a low temperature (10 K) and a visual extinction higher than 4 mag are necessary. Dark regions (high densities or high visual extinctions) are, therefore, needed to reproduce the observations. 4) Comparison between the observed deuteration of water, formaldehyde, and methanol and our theoretical predictions allowed us to propose the following scenario. Water ice is formed first within relatively wide ranges of physical conditions: H 2 O is allowed to start its formation at low densities and low visual extinctions, but HDO and D 2 O are instead formed in darker (higher n H and/or A V ) regions. Formaldehyde and then methanol are mainly formed subsequently, in the dense and cold prestellar cores.
5) Deuterium fractionation can be used to estimate the values of the density and temperature at the moment of formation of solid species because of its sensitivity to the physical conditions. Low deuteration, similar to water deuteration, implies that the species is formed in a wide range of physical conditions, whilst a high deuteration suggests an efficient formation in the centre of dense and cold prestellar cores.
With this work, we have explored the influence of a wide range of parameters values on the formation of deuterated ices. Now that the influence of the various parameters is clarified, our next step will be a more sophisticated model, based on a realistic physical evolution of a cloud, in a forecoming paper. where
Once one has fitted the potential then the transmission probability, P r , may be calculated using P r = cosh(α + β) − cosh(α − β) cosh(α + β) + cosh(δ) (A.5) where
When the reactants are considered as excited by their formation involving an exothermic reaction, E refers to the excess energy of this reaction of formation. Otherwise, E is the thermal energy of the particles. The Eckart model provides a significant improvement over square barriers but it can underpredict (or overpredict) the transmission probabilities of some reactions at low temperatures compared to more exact methods (see Peters et al. 2011) . However, given the number of surface reactions considered in this work, exact quantum chemical computations for all reactions are not feasible.
A.2. CO 2 formation
Based on the experimental work by Oba et al. (2010) who studied the formation of CO 2 from CO and OH, CO 2 is thought to be formed via the pathway CO + OH → trans-HOCO (A.9)
trans-HOCO → cis-HOCO (A.10) cis-HOCO → CO 2 + H. (A.11)
The electronic energy of the intermediate radicals (t-HOCO, c-HOCO) and the products (CO 2 + H) are lower than for the reactants (CO + OH). Reactions involving t-HOCO and c-HOCO possess high activation barriers and/or are endothermic (Yu et al. 2001) . Therefore, t-HOCO radicals continue to react only if their excess energy released by the chemical energy of reaction (A.9) is sufficient to overcome the high activation barriers of reactions (A.10) and (A.11). As in Goumans et al. (2008) , HOCO radicals can also react with H atoms via barrierless reactions to form three pairs of products: H 2 + CO 2 , H 2 O + CO, or HCOOH. The lack of more quantitative data leads us to assume a branching ratio of one to three for every product pair. In fact, the energy released by reaction (A.9) absorbed by HOCO radicals can be transferred to the surface before reacting. However, the transfer rate of the chemical energy to the surface is very uncertain. The absence of formic acid HCOOH and the low abundance of HOCO radicals observed in the experiments of Oba et al. (2010) suggest that CO 2 is readily formed from excited HOCO molecules. Therefore, most HOCO radicals continue to react before relaxing to their stable state. To reproduce these experiments, we assume that 99 % of HOCO radicals are sufficiently excited to form CO 2 , whilst 1% of them are stabilized.
Goumans & Andersson (2010) performed gas-phase O-CO potential energy surface calculations, showing that O and CO can form a van der Waals complex, allowing O atoms to stay bound to CO for a long time. Following these results, we consider that O atoms that meet CO molecules (via direct accretion from gas-phase or surface diffusion) form a loosely bound O...CO complex. The H atoms that meet these O..CO complexes react via a barrierless reaction to form an excited HO...CO* complex. If the time for energy transfer to the surface is long enough, the complex can yield OH + CO, or t-HOCO* radical via barrierless reactions. Otherwise, the complex forms the t-HOCO radical through quantum tunneling. We consider that 99% of HO...CO* complexes continue to react without activation barriers.
Appendix B lists all the reactions involved in the formation of CO 2 with their corresponding activation barriers and transmission probabilities.
A.3. Quantum chemical calculations
The OH + H 2 reaction system has been theoretically studied by Nguyen et al. (2011) . These authors have computed the forward and reverse reactions, the imaginary frequency of the transition states, and the rate constants of the eight reactions involving H 2 , HD, D 2 , OH, and OD using the semiclassical transition-state theory (SCTST).
The H 2 O 2 + H reaction has been studied by Koussa et al. (2006) and Ellingson et al. (2007) . However, data for the reactions involving deuterated isotopologues was not available. Therefore, to obtain the data required for the model, quantum chemistry calculations have been conducted with the Gaussian 09 (Frisch et al. 2009 ) program. For these calculations, the PBE0 (Perdew et al. 1996b,a; Adamo & Barone 1999) functional and the aug-cc-pVTZ (Dunning Jr 1989; Kendall et al. 1992 ) basis set were used because this combination produced results that are in good agreement with the experimentally determined values for the process in gas-phase (Klemm et al. 1975 , who measured an activation barrier of 4.6 kcal/mol = 2300 K) .
The CO + H reaction has been theoretically studied by several authors (Woon 2002; Andersson et al. 2011; Peters et al. 2012) . We decided to use the work of Peters et al. (2012) because they used the most accurate methodology and obtained a value for the activation energy for the formation of HCO that best agrees the gas-phase experiment (Wang et al. 1973) . The transmission probabilities of all the reactions producing deuterated formaldehyde and methanol are computed from this reaction and relative rates measured by Nagaoka et al. (2007) and Hidaka et al. (2009) or deduced by TCK12b.
The formation of carbon dioxide includes two reactions having an activation barrier. Quantum calculations of Talbi et al. (2006) ; Goumans et al. (2008) , and Goumans & Andersson (2010) showed that reaction (11) has an activation barrier of 2500 -3000 K, leading to a transmission probability of 5 × 10 −23 (Goumans & Andersson 2010; Garrod & Pauly 2011) . Assuming an activation energy of 2500 K and considering a square barrier, we reproduce this transmission probability with a barrier width of 0.8 Å. The transmission probabilities of the reaction pathways involved in reaction (12), and including HOCO radicals, the van der Waals complex HO...CO, and their deuterated isotopologues, were deduced from the potential energy surface computed by Yu et al. (2001) . These authors computed the stationary points of the potential energy surface of this reaction using an extrapolated full coupled cluster/complete basis set (FCC/CBS) method. 
